In many photovoltaic (PV) energy conversion systems, nonisolated DC-DC converters with high voltage gain are desired. The PV exhibits a nonlinear power characteristic which greatly depends on the environmental conditions. Hence in order to draw maximum available power various algorithms are used with PV voltage/current or both as an input for the maximum power point tracking (MPPT) controller. In this paper, golden section search (GSS) based MPPT control and its application with three-level DC-DC boost converter for MPPT are demonstrated. The three-level boost converter provides the high voltage transfer which enables the high power PV system to work with low size inductors with high efficiency. The balancing of the voltage across the two capacitors of the converter and MPPT is achieved using a simple duty cycle based voltage controller. Detailed simulation of three-level DC-DC converter topology with GSS algorithm is carried out in MATLAB/SIMULINK platform. The validation of the proposed system is done by the experiments carried out on hardware prototype of 100 W converter with low cost AT'mega328 controller as a core controller. From the results, the proposed system suits as one of the solutions for PV based generation system and the experimental results show high performance, such as a conversion efficiency of 94%.
Introduction
The photovoltaic systems are major contributors in the electrical power. These are utilized effectively with interface to the existing systems through DC-DC converters. The major challenge is to extract the power under varying operating conditions which influence the output voltage [1, 2] .
Isolated converter structures with cascaded configuration enables to achieve high voltage gain [3] . However, these are used up to several kW applications [4, 5] . The multilevel buck converters proposed are widely used in high frequency DC/DC power conversion [6, 7] . In the conventional boost converters, high voltage ratio is feasible without multistage cascading [8] . The voltage ratios in these are limited by the parasitic elements and switching control used [9, 10] . Threelevel boost converters have significant advantage as compared to conventional boost converter. The size of the inductor is reduced and switch voltage rating is half of the output voltage. This reduces the overall size and improves the efficiency in three-level DC-DC converters. However, the voltage balancing across the DC bus capacitors is required due to nonidealities in the components. This is feasible by sensing the voltages across them with corrective feedback through controllers [11, 12] . The current sensing of inductor by dispensing the voltage measurements is feasible to balance the voltages across the DC bus capacitors [13] .
PV array in solar power conversion system operates at a point having maximum power transfer. It is necessary to track this operating point by using the MPPT control algorithms to maximize the utilization efficiency. Various algorithms for MPPT are reported in the literature and used for the efficient energy conversion process [14] . These methods are derivative based and noise sensitive. A computational ease with inherent robust MPPT using golden section search (GSS) based algorithm is proposed in this paper. This is having noise and signal fluctuation immunity with fast convergence as compared to many reported MPPT methods [15, 16] . This GSS based MPPT method is easy to implement on the low cost hardware with single current sensor. The PV connected system with three-level converter using GSS based MPPT is presented in Figure 1 . In this paper, GSS MPPT based three-level DC-DC boost converter for PV energy conversion system is presented. A simple duty cycle based pulse width modulation (PWM) and capacitor voltage controller are suggested. The switching and reverse recovery losses are less in the three-level boost converter. A hardware prototype of 100 W converter is built and the control is made cost effective using AT'mega based low cost controller. The steady state and dynamic behavior of the system are presented. Both the simulation and hardware results are seen to have clear agreement with inherent robustness built using new MPPT algorithm.
Three-Level Nonisolated DC-DC Converter
In high power rating PV systems with high voltage gain requires boost converter with controller to maintain the DC bus voltage constant. The interfacing PV with wide range of voltages with boost converter having three-level is advantageous due to reduce input filter size and current ripple cancellation. In three-level boost converter, switching devices voltage rating is half of the output voltage; this leads to increase the power density, efficiency, and reduction in cost. The threelevel boost converter is shown in Figure 2 . The voltage of the center point is /2 as capacitors 1 and 2 are equal, which in turn reflects the voltage stress reduction across the switching devices in these converters.
Operating
Principle. Symmetrical operation of threelevel boost converter is explained with its operating modes. In this converter V 1 , V 2 are the voltage across the capacitors 1 , 2 , respectively. The switch 1 is upper switch and 2 is lower switch and switching frequency is . In this converter, carrier signals V carrier,1 and V carrier,2 for PWM generation are triangular for both switches but those are in 180
∘ phase shift to each other. With these carrier signals both switches can be turning ON and OFF at the same time. Therefore, the converter operates in four distinct modes as shown in Figure 3 . 
Due to boosting operation V 1 + V 2 > V in , so in this mode inductor always is in discharging mode and both capacitors are in charging mode and input supplies the current to the load.
In modes 1 and 4 inductor is in charging mode and discharging mode, respectively, but in modes 2 and 3 inductor currents raising polarity depend on the voltages V 1 and V 2 , depending upon the relation between V in and half of the output voltage (V 0 /2); there exist two operating regions.
(1) Region 1:
In region 1, V in > V 0 /2; hence V = V in − V 0 /2 > 0 so inductor current raising polarity is positive in modes 3 and 2 as shown in Figure 3 (a). This will occur only when duty ratios of upper switch ( 1 ) and of lower switch ( 2 ) are less than 0.5; in this region both switches must not be ON at the same time. In region 2, 1 = 2 > 0.5; input voltage is V in < V 0 /2; then, inductor current raising polarity is negative V = V in − V 0 /2 < 0 in modes 2 and 3 as shown in Figure 3 (b). In this region both switches must not be OFF at the same time.
Current Ripple and Efficiency
In boost converter, maximum inductor current ripple (Δ max ) occurs when duty ratio ( ) is 0.5; at this duty ratio V in = 0.5V . The inductor current ripple is given by
In three-level boost converter, equivalent switching frequency is twice the switching frequency of conventional boost converter. In region 1 maximum ripple occurs at V in = 0.25V and is given by From (1) and (2), it is observed that the inductor current ripple is less for three-level boost converter for the same inductor value and inductor value is four times less than conventional boost converter. The inductor loss due to the resistance is a major design parameter. The selection of the / ratio and switching devices losses are the major contributors in the efficient operation of the converter.
Proposed MPPT Scheme
In this MPPT technique, maximum power is tracked by controlling PV current to maximum power point current, which is computed by golden section search (GSS) algorithm. This GSS based MPPT needs to sense the irradiance, temperature, and PV current to maximize the power output from PV systems. Consider 2 = + ( − ); that is, 2 is 0.618 of interval away from .
Golden Section Search
For a GSS based MPPT for photovoltaic system, thecharacteristics are the operating characteristics wherein ( ) corresponds to power, whose maximum value has to be tracked. The range of operation is from zero to open circuit voltage ( oc ); that is, = 0 and = oc as shown in Figure 4 (b). The way of tracking maximum point is shown in Figure 4 (a). The voltage corresponding to the maximum power is obtained and mapped into the -characteristics to obtain the current reference.
Golden Section Search Algorithm Based MPPT.
MPPT is used to track the maximum power under different atmospheric conditions; this method is robust and also has a fast response as compared to the conventional MPPT algorithms. This algorithm has guaranteed convergence under continuous variable irradiance and temperatures. This GSS based MPPT has two parts; one is PV emulator which plots the PV characteristics for given irradiance and temperature by using mathematical model equations of PV cell; this requires solar PV parameters, irradiance, and temperature. The algorithm for generating the PV characteristics is presented in Figure 5 (a).
The description of the parameters in the flow chart is as follows: The second part of the algorithm is to find the PV current at maximum power point (MPP) is shown in Figure 5(b) .
The inductor current feedback is used to generate the error by comparing it with the reference current MPP generated by the GSS algorithm and it is processed through proportional (P) controller. This P controller changes the duty ratio ( ) according to error and governs the PV to track the maximum power point on its characteristics. Figure 6 shows the block diagram of GSS MPPT based reference generator.
Voltage Balancing
Control. Capacitors 1 and 2 are alternatively charged to their voltages V 1 and V 2 . Even though both capacitor values are equal, there is a voltage unbalance between output capacitors due to mismatch of two real capacitors and equivalent series resistance. The voltage balancing controller is required to maintain the equal voltages across these capacitors through duty cycle control and is implemented as shown in Figure 7 . 1 and 2 are the gate pulses for switches 1 and 2 , respectively. In the three-level boost operation of the DC-DC converters with duty ration relates the fact that the input and output voltage are given as
where the input DC voltage in is PV input voltage and varies with respect to varying environmental conditions. The duty ratio of the boost switch 1 is determined by the MPPT control ( ) and duty ratio of the boost switch 2 is determined by the additional controller. The PI generates the duty ( ) from the voltage error obtained from (V 1 − V 2 ). Consider 
Simulation Results
In this section, the converter operation with the MPPT control and voltage balancing is presented through simulation. The PV panel parameters are given in Table 1 . The boost converter is operated with MOSFET switches and the details of the component specification are given in Table 2 . The steady state and dynamic operation are presented for the various operating conditions.
Steady State Operation.
The simulated results under steady state are shown in Figure 8 . The PV panel is operating at a temperature 298 K with irradiation level of 1000 W/m 2 . The converter operation with MPPT control and capacitor voltage balance activation at 0.2 s is presented in Figure 8(a) . Initially reference value is set to 2 A (without MPPT); after that it is changed according to GSS MPPT. Then power drawn from the PV is increased to 100 W by controlling the PV cell current to the reference value generated by GSS MPPT algorithm. The DC bus capacitor voltage balance control is also presented with forced unbalance created by choosing the different values of 1 and 2 ( 1 = 1000 F and 2 = 900 F). The voltages across these capacitors are maintained at the same value after the balancing; the voltage converges to a 23.5 V within the 0.02 s, while converter is operating in a maximum power tracking mode shown in Figure 8(b) . This indicates the operation of the designed controller is effectively maintaining the power near to 100 W at the 50 V output through the duty ratio control at 30 kHz switching frequency.
Dynamic Operation of the Converter.
The MPPT algorithm with converter under varying irradiation levels and various loading condition is tested. The MPPT with a change in the irradiation level from 800 W/m 2 to 1000 W/m 2 is presented in Figure 9 .
The voltage variation across the capacitors due to sudden loading on the converter (around 20% variation) is presented in Figure 10 . It is observed that the voltage is controlled after the load variation and maintained to 23.5 V across each of the capacitors.
Performance Comparison with Other MPPT with Partial
Shading. The proposed MPPT method is compared with Perturb and Observe and Incremental Conductance based MPPT techniques. The performance is evaluated under the partial shading. The partial shading -characteristics are used to test the performance with local and global peak as given in Figure 11 .
The reference voltage ( ref ) generated by these methods are given in Figure 12 with the number of iterations required by these methods. It is observed that the iterations required for the GSS are 4-5 nos. as other methods take 7-8 nos. The variation in the generated reference is stable in GSS as it is tracking the local and global peak.
Experimental Results
The proposed scheme is implemented in AT'mega328 controller with GSS based MPPT and duty ratio control. The parameters of the hardware are built with the same parameters as given in Table 2 .
Hardware Circuit Description.
The block diagram of hardware prototype built is shown in Figure 13 . The DC/DC converter is built with the MOSFET IRFP250. The interfacing drivers with isolation circuit using TLP350 are built. The capacitor voltage is sensed using voltage sensor LV-25P and inductor current by current sensor (WCS 2705). The controller AT'mega328 with built-in ADC is used to execute the MPPT algorithm and also the PI controller. The I/O pins are interfaced with the driving circuit to activate the switching devices. The photograph of the hardware prototype built is shown in Figure 14 . Figure 15 shows the measured power generated by PV and current and voltage across it. The PV current is controlled to maximum power point current 2.94 A which is computed from the proposed GSS MPPT algorithm; maximum power Figure 16 . The level of the irradiation is also set to test the effectiveness of the GSS-MPPT controller. Figure 17 shows the controller tracking the maximum power with change in the current. The level of irradiation is changed from 800 W/m 2 to 1000 W/m 2 and the response of the GSS-MPPT algorithm is observed.
The voltage balancing loop is also tested under load change and response shown in Figure 18 . The capacitor voltages are unbalanced before applying control loop. After enabling voltage balance control loop, both capacitor voltages V 1 and V 2 are converged to 24 V.
Performance Evaluation.
The MPPT effectiveness is measured by measuring the efficiency. This is defined by the ratio of maximum power to the power tracking by MPPT. The proposed GSS based MPPT is evaluated for the efficiency. In simulation for = 1000 W/m 2 , = 298 K, the maximum power is 100 W and tracking power using GSS MPPT is 99.8 W. The efficiency of the DC-DC converter is calculated for design values given in Table 2 . The inductor ( = 1.4 mH) used is found to have a resistance of 0.8 Ω and the efficiency obtained is 91%. The actual measured hardware efficiency for the 30 kHz operation is 89.7%. The variation of the inductor resistance by way of wire gauge selection influences the efficiency and it is indicated in Figure 19 . Use of switching device and its switching frequency in a converter has a tradeoff with the losses in the inductor. The operational efficiency of these converters can be achieved up to 98%.
Conclusion
The three-level boost converter is used to interface the PV system for maximization of the power extraction. The new maximum power point tracking algorithm based on the golden section search method is implemented. This algorithm shows the better dynamic response with the faster convergence without any oscillations while tracking. The voltage balancing of the DC bus is executed through the PI controller and performance is observed to be satisfactory. These controllers are implemented on the low cost AT'mega328 controller. The 100 W prototype is built to demonstrate the performance of this converter. The performance of the MPPT with GSS based algorithm indicates the good agreement with the simulated results. The steady state performance of the converter shows the balance voltage operation across the DC bus. It is indicated that the performance of the presented converter with varying irradiation as well as the load change is also in line with the simulation results. This indicates the converter performance with its efficiency up to 94% is achieved in these converters with high voltage gains in the PV energy conversion systems.
